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3.1 Original scientific paper
This paper surveys some analytical and experimental results concerning different randomized modulation strate-
gies in switched-mode power converters (SMPCs). After a short review of practical experiences within the literature
it presents the benefits of several randomized schemes for power converters (i.e. reduced electromagnetic interfer-
ence - EMI, and lower acoustic noise). It also introduces the mathematical background for dealing with randomized
modulation within the medium-frequency range: power spectrum density (PSD). Finally, the EMI measurements
confirm the improved EMC performances of the randomized boost rectifier, as also in the DC-DC buck converter.
Key words: Switched-mode power converters (SMPCs), Randomized pulsewidth modulation (RPWM), Electro-
magnetic compatibility (EMC), Power spectral density (PSD)
Poboljšana elektromagnetska kompatibilnost (EMC) sklopnog energetskog pretvaracˇa sa slucˇajnom mod-
ulacijom. Ovaj cˇlanak istražuje analiticˇke i eksperimentalne rezultate razlicˇitih slucˇajnih strategija modulacije u
sklopnim energetskim pretvaracˇima (SMPCs). Nakon kratkog pregleda prakticˇnih iskustava iz literature, predstavl-
jene su prednosti nekoliko slucˇajnih shema za energetske pretvaracˇe (smanjena elektromagnetska interferencija -
EMI, i niži akusticˇni šum). Takod¯er, uvedena je matematicˇka podloga za rad sa slucˇajnom modulacijom u podrucˇju
srednjih frekvencija: spektralna gustoc´a snage (PSD). Konacˇno, EMI mjerenja potvrd¯uju poboljšanja EMC perfor-
mansi slucˇajnih uzlaznih ispravljacˇa, kao i DC-DC silaznih pretvaracˇa.
Kljucˇne rijecˇi: sklopni energetski pretvaracˇi (SMPCs), slucˇajna širinsko-impulsna modulacija (RPWM), elektro-
magnetska kompatibilnost (EMC), spektralna gustoc´a snage (PSD)
1 INTRODUCTION
Recently, the electromagnetic compatibility (EMC) reg-
ulations for fast switching power electronic converters
(SMPCs) have become tighter than ever [1]. The conver-
sion of electrical power is carried-out using fast semicon-
ductor switching devices, which are utilized within various
modern equipment where reducing losses is the designer’s
main concern [2]. A fast switching operation generates sig-
nals with high voltage-rate (du/dt) and high current rate
(di/dt) and, consequently, disturbances over wider fre-
quency bandwidths [3]. These voltage and current slew-
rates and spikes induce large AC displacement currents in
both physical and parasitic circuit elements. The displace-
ment currents can create excessive noise in two forms:
conducted noise (in connecting wires, busses, and ground
planes) as conducted to an other circuitry and, radiated
noise (capacitively-coupled current to the element’s case
or heat-sink) which is transformed to voltage and then ra-
diated to other circuitry. Such noises can never be fully
eliminated, however, they can only be attenuated to those
levels conforming to accepted regulatory limits [4, 5].
Conductive noise has two major sources: the first one
results from the distorted input current of a converter [6]
and, from the reflected ripple-current at its input into the
converter [4]. The second one is due to the noise of voltage-
switching at the main power switch. Although switching
converters produce significant amounts of switching noise,
they are also required to operate in EMC sensitive appli-
cations. In this case, the device has to satisfy, not only the
electrical requirements but also the EMI regulations, such
as EN55022 for the information technology equipment [4]
or EN55025 for the automotive environment [5]. Increas-
ing the number of electrical motors in modern cars (water
pump for windshield cleaning, wipers, mirrors, seats etc.)
require the need for switched-mode power converters (SM-
PCs) when driving these motors. The influence of the con-
verter’s reflected input current-ripple on the rest of the sup-
plying current can be mostly reduced by integrating the nu-
merous diversities of the EMI filters. Other advanced tech-
niques for EMI reductions propose active gate-drivers. One
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active gate-driver uses so-called flank-shaping techniques,
where the power transistor gate-signal is shaped and/or
controlled in such a way as to determine optimal transistor
drain di/dt or drain-source du/dt, resulting in an EMC-
friendly SMPC operation. Different random modulation
strategies are proposed in [7] for improving power spec-
tral density (PSD) and conductive EMI reduction, but with-
out experimental proof. A chaotically modulated OFF-time
current mode control for DC-DC boost converter which
also spreads the inductor current spectrum is presented
in [8].
This paper is organized as follows. The next section
classifies different randomized switching and introduces
basic mathematical concepts - the average autocorrela-
tion and the power spectrum density. Section 3 presents
the randomized PWM boost rectifier with improved wide-
band EMC and, section 4 describes the benefits of random-
ized modulation against the normal PWM within the syn-
chronous DC-DC converter structure from PSD analysis to
the EMI measurements. Section 5 concludes this paper.
2 RANDOMIZED SWITCHING SIGNAL ANALY-
SIS: POWER SPECTRAL DENSITY
Over the last four decades, SMPCs designers have im-
plemented randomized switching for different reasons. Ini-
tially, the randomized switching concept was introduced
within the self-commutated thyristor DC-DC converter
for reducing acoustical noise because of low-frequency
switching [9]. Faster semiconductor switching devices
eventually offered a simple solution to the acoustic noise
problem (at least during DC-DC conversion) and, random-
ized switching was set aside.
Fourier methods are commonly used for signal analy-
sis and system design [10]. In this case, this method is
used mostly for SMPC voltage and current analysis. By
sampling the signals using a digital oscilloscope (with the
maximum number of samples N ), Discrete Fourier trans-
form (DFT) can be calculated off-line by using Matlab
[11]. In order to obtain DFT, the continuous frequency do-
main of discrete time Fourier transform (DTFT) is sam-
pled at N points, uniformly spaced around the unit circle
within the z−plane, i.e., at points ωk = (2pik/N), k =
0, 1, . . . , N − 1, as shown in (1). The signal s[n] is either
a finite-length sequence of length N , or it is a periodic se-




s[n]e−j2pikn/N , k = 0, 1, . . . , N − 1 (1)
2.1 Characteristics of Random Modulation Schemes
From several randomized modulation strategies, four
of them are more favorable (see Table 1): random pulse-
position modulation (RPPM), random pulse width modu-
lation (RPWM), and random carrier-frequency modulation
Table 1. Characteristics of different random switching
schemes
Modulation TSk αk εk dk = αk/TSk
PWM const. const. 0 const.
RPPM const. const. rand. const.
RPWM const. rand. 0 rand.
RCFMFD rand. rand. 0 const.
RCFMVD rand. const. 0 rand.
Fig. 1. Switching signal in randomized modulation scheme
with a fixed duty cycle (RCFMFD), or with a variable duty
cycle (RCFMVD), as considered in [7]. However, any ef-
fectiveness of EMI reduction in each random modulation
scheme, regarding DC-DC converters was experimentally
unconfirmed, except in [3].
The characteristics of the switching pulse in each mod-
ulation scheme are summarized in Table 1, with the aid of
Fig. 1. The switching function g(t) has two discrete levels
(namely A1 and A2), which are applicable for describing
the behavior of classical DC-DC converters. TSk is the du-
ration of the k−th cycle. αk is the duration of the gate pulse
in the k−th cycle and εk is the delay time of the gate pulse.
The duty cycle of the switch dk in the k−th cycle is equal
to αk/TSk.
RPPM is similar to the classical PWM scheme with
constant switching frequency. However, the position of the
gate pulse is randomized within each switching period, in-
stead of commencing at the start of each cycle. RPWM al-
lows the pulse width to vary but the average pulse width is
equal to the required duty cycle. RCFMFD exhibits a ran-
domized switching period and constant duty cycle, whilest
RCFMVD exhibits a randomized switching period and
constant pulse width. As the pulse width in RCFMVD is
fixed and the switching period is randomized, the resultant
duty cycle is also randomized. Nevertheless, the average
duty cycle is equal to the desired value.
2.2 The Level of Randomness
In order to investigate the effectiveness of the stochastic
variable randomness level on spreading harmonic power, a
randomness level< for each scheme is defined. For RPPM,
<RPPM = ε2 − ε1
TS
, (2)
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where εk ∈ [ε1, ε2]. ε1 and ε2 are the minimum and max-
imum limits of the pulse positions within each cycle. ε1 is
obviously equal to zero. TS is the nominal switching pe-
riod.
For RPWM,
<RPWM = α2 − α1
TS
= d2 − d1, (3)
where αk ∈ [α1, α2]. Thus, the duty cycle dk varies be-
tween the minimum possible value d1 and the maximum
possible value d2 around the nominal duty cycle within the
classical PWM scheme.
For RCFMFD and RCFMVD:
<RCFMFD = <RCFMVD = T2 − T1
TS
(4)
In these two modulation schemes, TSk varies between
a minimum possible value T1 and a maximum possible
value T2. The duty cycle dk in RCFMVD varies between
[(αk/T2), (αk/T1)], in which αk is fixed.
2.3 Power Spectral Density – PSD
In the case of the randomized modulation scheme the
harmonic spectrum is random and different each time,
therefore, it must be evaluated by an appropriate mathe-
matical tool. When considering the random process the-
ory, the obvious quantity to study within a randomized
switching setup is the power spectrum (the Fourier trans-
form – FT of the autocorrelation function of a signal),
and not the harmonic spectrum (i.e. the FT of the signal
itself) [12–14]. In particular, the autocorrelation function
of a random process is the appropriate statistical average
concerning the characterizations of random signals within
the time-domain. The FT of the autocorrelation function
gives the PSD and provides transformation from the time-
domain to the frequency-domain.
Let X2W (f) denote the FT of the symmetrically trun-
cated version of time signal x(t) with double width (i.e.
input current or voltage of SMPC), extending from−W to
+W . An important result of the Fourier theory shows that
if signal x(t) is a wide-sense stationary process, then PSD










where the expectation operator E[.] takes over the whole
ensemble and the quantity (1/2W )|X2W (f)|2 is called the
periodogram of the random process x(t). Usually, a 50 %
overlap between the data segments contained in the appro-
priate window is proposed [15]. This produces good results
in many applications, but does not always improve the sit-
uation significantly [12]. The well known Welch’s estima-
tion method for PSD is also implemented within Matlab
software package as the "psd" function:
PSD = psd(X, NFFT, Fs, Window, NOverlap, DTrend).
According to the significant characteristics of each par-
ticular window - the best asymptotic sidelobe decay rate
and a sufficient low sidelobe level as well - Hanning win-
dow was chosen and used in all estimations, and the results
were experimentally verified within a high-power-factor
boost rectifier and in the buck SMPC.
2.4 Electromagnetic Interference – EMI
The rapid changes in voltages and currents within the
SMPCs are a source of EMI with other equipment, as well
as with its own proper operation. The EMI is transmitted
in two forms: radiated and conducted noises. Conducted
noise (as shown in Fig. 2) consists of two categories com-
monly known as the differential mode voltage - Udm (sym-
metrical) and the common mode voltage -Ucm (asymmetri-
cal). The differential mode current idm is conducted at the
connecting line from source to sink, and back. The com-
mon mode current icm is formed through the power lines,
parasitic capacitance Cp and earth-ground line, back to
the source of the interference. Both, differential mode and
common mode noises are generally present on the input-
and the output lines. Any filter design has to take into ac-
count both of these noise modes.
Fig. 2. Conducted interference mechanism in SMPCs
There are numerous EMC regulations present in prac-
tice, to provide the user with safe and quality products
that are in compliance with certain EMI requirements. The
more effective EMI regulatory bodies are CISPR, IEC,
VDE, EN and FCC for specifying the maximum limit for
the allowed EMI. In order to compare equipmets against
these limits, the conducted noise was measured by means
of a specified Line Impedance Stabilization Network -
LISN, and by using the industrial (or precompliance) EMI
receiver Rohde & Schwarz ESHS10 (or ESPI 100371). In
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order to fulfill standard EN55022 (or EN55025), the con-
ducted electrical noise measurement had to be made by a
quasi-peak voltage detector within a frequency range from
150 kHz to 30 MHz (or 108 MHz).
3 SMPC 1: BOOST RECTIFIER (HPFCC)
A single-phase diode bridge rectifier has a very strong
and undesirable influence on the main. Traditionally, in this
case, bulky passive filters have been used to clean harmon-
ics from the main [16]. Another solution for improving the
harmonic spectrum of the input current is offered by us-
ing a high power factor correction circuit (HPFCC) with a
boost converter [17]. The stability problem of three-phase
PWM rectifier with LCL filter, is analyzed in [18].
The conventional scheme of the HPFCC with control
set-up is shown in Fig. 3. The necessary feedback control
signals are combined with these reference values to spec-
ify the modulating signal m(t), which in turn determines
duty ratio d(t). Since a power converter generally oper-
ates within a periodic steady state with a chosen switch-
ing frequency, the influence of the pulse width modula-
tion (PWM) can be directly detected in the harmonic con-
tent of the waveform. By power factor correction through
a high-frequency switching current control mode, another
problem arises: high-frequency harmonics are generated
by the converter in radio-frequency (RF) range. Therefore,
the EMI problem produced due to high-rates of di/dt and
du/dt must also be considered in HPFCC.
For this reason, randomization can change the harmonic
content of the input current without excessively affecting
the proper operation of the boost rectifier and may avoid
the need for redesigning the system. Randomized chang-
ing of period TS in the ramp generator results in randomly
’dithering’ the duty ratio d(t) from its nominal operational
Fig. 3. High power factor correction circuit and control
set-up
Fig. 4. Capacitive network and digital random-noise gen-
erator
point. There are many commercial control units available
on the market and in our case the Unitrode chip UC-3854A
(suitable for current control mode) was used. The central
switching frequency of the ramp generator in the control-
unit is defined by an appropriate setting of time constant
with chosen CT and RSET (Fig. 4). If capacitance CT is
varied by using an particular network of additional capac-
itors, which are then switched by a digital random-noise
generator, the slope of the PWM ramp generator in the
control-unit also changes randomly. The white-noise gen-
erator is realized by using the microcontroller PIC-16C84.
This microcontroller randomly generates 8-bit switching
states at the output to switch ON and OFF an appropriate
capacitor on the ladder, which then dithers the carrier fre-







3.1 Wide-band Frequency Analysis of the HPFCC
The time to address Electromagnetic Compatibility
(EMC) is before it becomes an expanding problem [1].
Proper attention to EMC from the design-stage through to
pre-certification testing can reduce product-development
time and cost. Traditional EMC measuring equipment
is very costly, therefore experimental frequency-analysis
over the wide range is proposed requiring minimum mea-
surement instruments: a digital storage oscilloscope and a
personal computer running Matlab.
Firstly, the low-frequency harmonic content of the boost
rectifier is considered. Since the RPWM principle is in-
troduced into an ordinary PWM control unit of the boost
rectifier in order to achieve a spread spectrum, this results
in a small increase in the THD of the line current (from
5.31 % to 6.04 %), and a negligible decrease in the PF
(from 0.9986 to 0.9982) as shown in Fig. 5. Compliance
with the IEC 1000-3-2 Class A harmonics limit is verified
by dashed-line. In order to eliminate the influences of all
176 AUTOMATIKA 53(2012) 2, 173–183
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other equipment connected to the main during the experi-
ment, an extra sine-wave laboratory generator was used. It
could be realized, that all the harmonics were well-below
the limitations.
As realized in Section 2.3, best PSD estimations were
made by using the Hanning window with the depicted pa-
rameters from several estimations, and the results were ex-
perimentally verified in (Fig. 6). Investigations confirmed
that using the appropriate window length is much more
critical for PSD estimation than using weak- or strong-
overlapping. It was also evident that all the power of the
switching frequency in the case of PWM switching control
was dissipated up to the second PWM carrier harmonic,
whilst in the case of the RPWM switching-control the PSD
was dispersed. This result offers a good prediction method
for reducing conducted EMI by using RPWM switching-
control in a boost rectifier.
Finally, to compare against the EN55022 limits, the con-
ducted noise was measured by using of specified LISN,
consisting of (5Ω + 50µH)||50Ω, and by using the indus-
trial EMI receiver Rohde & Schwarz ESHS10. In order to
meet the EMI regulations, the measures of the conducted
electrical noise were done by a quasi-peak voltage detector
within a frequency-range from 160 kHz to 30 MHz. In the
output protocol of Fig. 7 there were two limits present in
order to quantify the measures: the first one (QP-limit) cor-
responding to the quasi-peak limit and the second (AVG-
limit) corresponding to the average limit. Several measure-
ments, modifications and improvements within the circuit
were necessary in order to comply with the EMI standard
limitations (see Fig. 7). Conducted noise was measured in
the cases of PWM control (solid-line) and RPWM con-
trol (dashed-line). It is evident, that the implementation of
RPWM control had reduced the conducted EMI to a suf-
ficient quantity, as already expected from the power spec-
Fig. 7. Final measures of the conducted EMI with PWM-
(solid-line), and the RPWM switching-control (dashed-
line)
trum in Fig. 6(a) and (b), respectively. A smaller increment
of conducted noise at the beginning of the frequency range,
in the case of RPWM control was produced by the intro-
duction of a noise signal to the switching function within
the control unit.
4 SMPC 2: BUCK CONVERTER VS. HALF-
BRIDGE INVERTER
Different chopper drives are used, in practice, for con-
trolling the armature voltage of a DC motor and circuit ar-
rangement, as shown in Fig. 8(a). Nowadays, the copper
switch is usually a fast power MOSFET with very short
switching times and low RDS(on) resistance, which re-
duces conductive losses but also produces extremely high
voltage-rates (and current-rates) and therefore high EMI.
It can be deduced from Fig. 8(a), that the minimal output
voltage of the buck converter is always equal to the diode
voltage drop UD ≈ −0.6 V. In order to achieve higher con-
version efficiency, the synchronous rectifier configuration
(i.e. half-bridge inverter) was investigated, where the con-
ductive losses of the output MOSFET M2 were lower than
in the first case of the buck converter.
The hardware in Fig. 8(a) consists of an 8-bit
PIC16F876 µ-controller, a programmable GAL16V8 log-
ical device (PLD), and a half-bridge leg of two IRL2505
MOSFET power switches with IR2125 gate drivers. For
(a)
(b)
Fig. 8. DC motor drives alternative: (a) buck converter or
synchronous rectifier (half-bridge inverter), (b) digital ran-
dom generator - principle of operation
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THD = 5.31 %
PF = 0.9986
•← IEC 1000−3−2, "A"
(a)

















THD = 6.04 %
PF = 0.99818
•← IEC 1000−3−2, "A"
(b)
Fig. 5. Low-order harmonic analysis of the input current






































Fig. 6. Estimated (upper-traces) and measured PSD (lower-traces) of the input current in the boost rectifier
20 kHz PWM signal generation, 20 MHz CPU clock was
used with a 250 timer-period value. For the RPWM gen-
eration, the same principle was used with periodic inter-
ruptions for changing RPWM duty cycle, as shown in
Fig. 8(b). As random number generator Watson algorithm
was used where the main operations were only XOR and
shifting thus ensuring short execution time. When a ran-
dom number within a certain bit resolution (4 bit resolution
was mainly used for the basic operation and 5 bit resolution
for extended randomization level). A similar solution can
be found in the hybrid random PWM scheme of the motor
drive, where pseudo-random binary sequences (PRBS) is
used for acoustic noise reduction [19].
4.1 Wide-band Frequency Analysis of the HB
Inverter
The average motor voltage in Fig. 8(a) is
Uout = DUB , (7)
where D is the duty ratio of the chopper. In a conventional
DC-DC buck converter, the output voltage is generally sta-
bilized by the LC low-pass output filter and controlled by
varying the duty cycle to the main switch. The duty cycle
and switching frequency are kept constant within a steady-
state operation, so that the harmonic power of the input-
current and output-voltage are concentrated on the switch-
ing frequency multiples. Using the various random switch-
ing schemes presented in Table 1, the harmonic power
within the frequency domain can be spread and the peak
level of the PSD becomes less than that of the conven-
tional PWM scheme. Discrete harmonics are significantly
reduced and the harmonic power is also spread over a con-
tinuous noise spectrum of smaller magnitude, as reported
in [12]. The spreading of the harmonic’s energy across
the spectrum may be carried out in various way. Several
randomization schemes and their syntheses have been ad-
dressed in different papers, dealing with: random switching
control in DC-DC converters [20], acoustic noise reduction
in sinusoidal PWM inverters [21], or improving the EMC
of the boost rectifier [3].
All PSD estimations for the DC-DC synchronous recti-
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Fig. 10. Setup for CISPR 25 EMC mesurement
fier’s (shown in Fig. 8(a)) output-voltage were carried out
using Matlab software [11], and the results are shown in
Fig. 9(a)-(d), respectively. The truth is, as many authors
have reported, that spreading PSDs is a good prediction for
reaching reduced conductive EMI at the input-terminals.
Active switching components such as semiconductor
power transistors and diodes are the main noise sources in
SMPCs, especially the parasitic ringing voltages and cur-
rents of all switches. However, not only an exact active
component model is needed to predict accurate ringing fre-
quency, amplitude, overshoot, and rising/falling transient,
but an electrical equivalent circuit of the printed circuit
board (PCB) layout is also necessary.
The output-voltage switching edges (on/off) were ana-
lyzed to discover any potential sources of additional EMI.
Exact SPICE simulations were also performed with spe-
cial attention to the DC-link capacitor’s modeling during
optimizing the final SMPC circuit. CISPR 25 is a regu-
lation for automotive applications, prescribing noise levels
that can be produced by those switching devices assembled
in vehicles and boats [5]. Although this standard considers
both conductive and radiated EMI, this article focuses only
on the conductive. The main component used for conduc-
tive one EMI measurements are based on the CISPR 25
standard (see actual set-up in Fig. 10): they are DC power
supply (usually a 12 V battery), a Line Impedance Sta-
bilization Network (LISN), precompliance EMI receiver
Rohde&Scwarz ESPI 100371 and, any device under test
(D.U.T.) with load.
CISPR 25 regulations for conductive EMI measurement
in frequency range between 150 kHz and 108 MHz is di-
vided into five EMC classes where, in each class, noise
magnitude in dBµV is prescribed for each frequency inter-
val (see Table 2). These intervals are the danger areas for
interfering with other devices installed in automobiles (ra-
dio, CD player, mobile phone, security systems etc.). Each
measurement is limited to 9 kHz bandpass for frequencies
between 150 kHz to 30 MHz and, limited to 120 kHz band-
pass in the frequency range from 30 MHz to 108 MHz.
The measurement duration in each frequency bandpass is
10 ms [5]. In this paper, one optimized hardware test setup
of the SMPCs (i.e. HB inverter shown in Fig. 8(a)) was
tested against the CISPR 25 Class 5 requirements.















Average Average AveragePeak Peak Peak Peak Peak
1 113 95 77 77 61100 82 64 64 48
2 103 87 71 71 5590 74 58 58 42
3 93 79 65 65 4980 66 52 52 36
4 83 71 59 59 4370 58 46 46 30
























Fig. 11. Initial EMI measurement of the PWM SMPC
Regardless of the used switching topologies, awareness
of commutation between power switches is recommended
because it can distinguish conductive EMI sources. The
initial measurement based on CISPR 25 standard for the
buck converter from Fig. 8(a) is shown in Fig. 11. The
switching frequency of the converter is 20 kHz with a aver-
age duty cycle of 70 %, and the power supply is 12 V. The
load parameters are RL = 0.4 Ω, LL = 64 µH and with
DC-link capacitors 4 x 1000 µF. It is evident that the EMI
measurement in Fig. 11 shows a very non-compliant EMC
result, where EMI noise magnitudes exceed the allowed
conductive noise in each CISPR 25 Class 5 limit. The rea-
son for this can be found in the non-optimized hardware
set-up (bad driving circuit, PCB layout etc.) which also
confirms oscillations in MOSFET’s output voltage at the
turn-off sequence (shown in Fig. 12).
From the PSD estimation result in Fig. 9, all the pro-
posed randomized modulation schemes in Table 1 were
Fig. 12. Output voltage of the SMPC at the turn-off
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Motor Voltage PSD estimation with periodogram in RPPM (R = 0.2)
(a)


















Motor Voltage PSD estimation with periodogram in RPWM (R = 0.2)
(b)



















Motor Voltage PSD estimation with periodogram in RCFMFD (R = 0.2)
(c)



















Motor Voltage PSD estimation with periodogram in RCFMVD (R = 0.2)
(d)
Fig. 9. PSD estimations of the output voltage at < = 0.2 against the PWM in DC-DC synchronous rectifier: (a) RPPM,
(b) RPWM, (c) RCFMFD, (d) RCFMVD
performed on a buck converter by external driving, in order
to reduce conductive EMI. Nevertheless, the randomness
level was very high (< = ±20 %), and this was insuf-
ficient for reducing the conductive EMI noise below the
CISPR 25 regulation (see Fig. 13 for the non-optimized
SMPC board). In the case of RPPM in Fig. 13(a) the abso-
lute values of the peak and average conductive noise was
reduced over the whole frequency range with regard to the
PWM result in Fig. 11. The result in the case of RPWM in
Fig. 13(b) was even better, where the peak- and average-
values of the conductive noise were smoothed, as in the
case of RCFMFD (Fig. 13(c)). The last randomized mod-
ulation scheme RCFMVD in Fig. 13(d) was very similar
to the RPPM result. Nevertheless, the limits of the CISPR
25 were exceeded in all considered randomized schemes,
effective conductive noise reduction against PWM was ev-
ident within the range up to 2 MHz. In the range above
30 MHz unacceptable EMC could be found in the non-
optimized driving circuit and high-speed digital signals
transfer rate (du/dt). The source of the significant peak at
the 30 MHz in all EMI measurements could be described
as a switch commutation problem between the diode se-
ries inductance and junction capacitance. The oscillations
at turn-off in Fig. 12 were eliminated and a smoother oper-
ation was also achieved (see Fig. 14).
Based on all measurements, the appropriate modulation
strategy for effective conductive noise reduction with min-
imal hardware configuration can be chosen in regard to
low-price and high efficiency. An HB inverter (shown in
Fig. 8(a)) driven by a PIC16F876 µ-controller with DCO
as a processor clock, was rearranged. As can be seen in
Fig. 13, the RCFMFD and RPWM modulation schemes
were the more effective regarding conductive noise reduc-
tion, the second one being realized because of simpler
hardware. The PIC’s processor unit was numerically and
peripherally insufficiently powerful for uploading all the
described modulation schemes, therefore only the RPWM
was implemented (as proposed in the block scheme of
Fig. 8(b)).
It is important to note that the use of DCO led to higher
EMI magnitudes at frequencies above 20 MHz therefore it
was replaced by a quartz oscillator with a sinusoidal shape
of output signal with distinct second and third harmonics
(shown in Fig. 15). Using this modification in half-bridge
SMPC with PWM modulation, the improved compatibility
with CISPR 25 requirements is shown in Fig. 16. Single
peak at 20 MHz was evident, but its higher harmonics did
not harm the EMC of the SMPC any longer.
Since the set-up components and the topology of the
SMPC had been optimized, the conductive EMI was evi-
dently also reduced in the case of randomized PWM (see
Fig. 17). The randomized PWM effectively reduced con-
180 AUTOMATIKA 53(2012) 2, 173–183





















































































Fig. 13. Conductive EMI of the randomized SMPC (< =
±20 %,D = 70 %): (a) RPPM, (b) RPWM, (c) RCFMFD,
and (d) RCFMVD
ductive noise ripple within low-frequency range of up to
2 MHz, and ensured an adequate difference between the
peak- and average-values of the conductive noise through-
Fig. 14. Improved output voltage of the main switch at the
turn-off





























Fig. 15. DFT of the quartz clock signal
out the whole frequency range.
5 CONCLUSION
This paper has outlined a comparative investigation into
the effects of different random modulation schemes on the
PSD and conductive EMI in SMPC, compared to the ordi-
nary PWM. By two typical examples of SMPC it has been
clearly demonstrated that all the considered randomization
schemes can gradually spread discrete frequency harmonic
power over the whole frequency spectrum. In the first case,
randomization improved the performance of the boost rec-
tifier throughout almost the whole frequency range, except
at lower frequencies where a small increment of the THD
was detected but the PF was still close to unity. In the sec-
ond case, optimization measures within the DC-DC buck
converter structure could fully eliminate the use of an EMI
input filter, regardless of the used modulation (PWM or
RPWM).
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